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Abstract 


The use of an integrated environmental control and life support system 
(ECLSS) and secondary propulsion system (SRS) on the Space Station Freedom 
(SSF) has many potential advantages. Through the metabolism of food, the crew 
on-board the station will produce carbon dioxide as a waste gas and an excess of 
water in the form of urine and condensate. The processing of these waste fluids 
by the ECLSS could produce quantities of oxygen that would eliminate the need 
for cryogenic oxygen resupply and hydrogen, carbon dioxide, and/or methane 
that could be used with the addition of a resistojet system to provide a constant 
low thrust for station. This additional thrust would represent significant savings in 
required hydrazine resupply. 

This paper will describe how savings in total fluid logistics can be achieved 
by using an integrated systems approach. It will include an overview of the 
technologies being considered to reduce cryogenic oxygen and propellant 
resupply requirements and will describe the impact of dehydration of the crew's 
food supply, the availability of Shuttle fuel cell water, and the impact of the 
implementation of reduction technology to the staged Space Station evolution. 
Primary comparisons will be in the areas of total upmass, power requirements, 
and the level of complexity of alternative modifications to baseline systems. 

Introduction 

From the time the station is permanently manned, the provisions for crew 
and station operations as well as for experiments will demand significant logistics 
support. At Permanently Manned Capability (PMC), allocations for crew systems, 
users, internal and external spares, propellant, cryogenics and fluids will require 
an estimated five Shuttle flights per year to resupply station. As additional 
elements are added after the PMC phase the quantity of required resupply by the 
baseline systems will increasingly dominate the available upmass capability. 
Therefore, methods that could provide a reduction in resupply requirement 
through the addition of advanced technology would be beneficial. 

At PMC, propellant and cryogenics resupply represent 27% of the total 
annual logistics allocation (37% of non-user logistics). Along with food provisions 
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for the crew, propellant and cryogenics are the most critical for station and crew 
survival. The station and crew can survive for an extended period without 
additional non-dietary crew provisions, spares, or experiment resupply. However, 
the survival of the station is dependent on maintaining a minimum orbital altitude 
and the survivability of the crew is dependent on the station for providing a 
controlled environment. A reduction in the reliance of these areas on resupply 
logistics not only represents savings in upmass, it also provides an extended 
capability for the station and crew to survive during periods when resupply to 
station would be unavailable. In addition, required dietary provisions, the other 
critical resource, can be reduced by dehydrating the food. This would increase 
the shelf life and reduce the packaging overhead. Since the water used to re- 
hydrate the food once it is on orbit will come from station, this process would be 
closely coupled to the availability of water on station. Therefore, food resupply 
requirements are considered in the total fluid logistics requirements. 

Technology Reduction Options 

From the inception of the SSF program, the station has been designed as 
an evolving spacecraft that will be assembled over a period of several years. The 
first element launch (FEL) is presently scheduled for the early 1996 time frame. 
Sixteen assembly flights later, in the year 2000, the Space Station will be capable 
of supporting a permanent crew of four. However, PMC will not be the final 
milestone in the Space Station Freedom's evolution. Through design provisions 
for software "hooks" and hardware "scars," additional elements and advanced 
technologies will be incorporated into the station configuration. The technologies 
under consideration that reduce the station's dependence on cryogenic oxygen 
and propellant resupplies include the addition of the Sabatier carbonation 
reactor, the Static Feed Electrolyzer, and the resistojet supplemental propulsion 
system. 

Oxygen consumed by humans through respiration metabolizes the 
hydrogen and carbon contained in foods to release water and carbon dioxide. 
Make-up of the oxygen lost in the form of carbon dioxide is required. At PMC, 
this make-up requirement will be accomplished through the resupply of cryogenic 
oxygen. To reduce this ground-based support for oxygen supply, the addition to 
station of a regenerable carbon dioxide system has been considered. The 
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leading carbon dioxide regeneration technology is the Sabatier carbonation 
reactor. The Sabatier reacts hydrogen, provided through the electrolysis of water, 
and the carbon dioxide collected from the crew to produce methane and water. 
Comparative testing of the Sabatier as well as other competitive reduction 
technologies was completed at the Marshall Space Flight Center in 1991. If 
integrated on SSF in the future, the device would be placed downstream of the 
carbon dioxide atmospheric removal device, the 4-Bed Molecular Sieve, in both 
the U.S. Hab and Lab modules. 

The Static Feed Electrolyzer (SFE) uses an alkaline electrolyte to break 
water into its primary constituents of hydrogen and oxygen. The saturated 
product hydrogen and oxygen gases are then stored and dried and used either to 
meet crew oxygen requirements, to provide make-up hydrogen for the Sabatier, 
or to provide a product gas for use in a secondary propulsion system. The Static 
Feed Electrolyzer is currently under development by Marshall Space Flight 
Center and by Life Systems, Inc. Initial flight experiments are planned in 1993-94 
time period. If placed on station, the device would be located downstream of the 
water collection and storage subsystem. 

Resistojets, as the name implies, derive thrust from the action of gas being 
expanded as it comes in contact with a resistively heated surface. These gases 
are dumped overboard at a high temperature and velocity. Initial plans, 
developed for use on early space station concepts, planned use of the system as 
the primary means to provide the required impulse for control moment gyro 
(CMG) desaturation and orbit maintenance. The current design of the Space 
Station Freedom includes scars on the S-1 and P-1 Pre-Integrated-Truss (PIT) 
segments for the addition of resistojet devices for supplemental propulsion. In 
addition, scars also been included for the Waste Gas Collection subsystem on 
the M-1 PIT segment. The Waste Gas Collection subsystem will provide for the 
storage and drying of the resistojet gases until they are to be used. 

In this study, six options using various levels of technology are considered. 
They include 1 ) non-propulsive venting of all excess generated water and carbon 
dioxide, 2) the addition of a SFE to recover oxygen from excess water while non- 
propulsively venting the generated hydrogen and carbon dioxide, 3) the addition 
of a Sabatier and a SFE to recover oxygen from both crew produced carbon 
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dioxide and excess water while non-propulsively venting any excess generated 
gases, 4) the addition of only a resistojet to produce supplemental impulse from 
excess carbon dioxide while venting excess water, 5) the addition of a SFE and a 
resistojet to produce supplemental impulse from excess carbon dioxide and 
hydrogen produced by the SFE while supplying oxygen from electrolysis to the 
crew and 6) the addition of a SFE, Sabatier, and a resistojet to provide oxygen to 
the crew from the electrolysis of excess water and the reduction of carbon 
dioxide while providing supplemental impulse through the resistojet from 
hydrogen and methane. These options are illustrated in the figures below. 


Option 1: Baseline Configuration - No logistics reduction technology 



Figure 1 
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Option 2: Addition of Static Feed Electrolyzer Only 
























Option 4: Addition of Resistojet Only 



Figure 4 
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Option 5: Addition of the SFE and Resistojet 



Figure 5 
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Option 6: Addition of the SFE, Sabatier, and Resistojet 



In each case, the ability to utilize up to 1200 Ibm/flight of Orbiter-provided 
fuel cell water and the effect of dehydrating the crew's food supply is also 
considered. Orbiter fuel cell water could be electrolyzed to provide oxygen for 
the crew, hydrogen for the Sabatier process, or waste gas for the resistojets. As 
stated previously, dehydration of the crew's food is considered because of the 
possibility to reduce the packaged upmass and because of the increased shelf 
life achieved when food is stored in a dehydrated form. In some options, excess 
oxygen exists. For the purposes of this study, it was assumed that all excess 
oxygen is vented non-propulsively to space. 
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Environmental Control and Life Support Reduction Analysis 


The need for resupply of cryogenic oxygen to station is driven by the crew 
metabolic loses, pressure shell leakage, and airlock gas losses. In addition, a 
limited amount of oxygen is consumed by the experiment payloads. Program 
estimates for the PMC station call for an annual delivery of over 3,900 Ibm of 
oxygen. In order to understand the logistics impact due to the addition of 
regenerative ECLSS technology to station, it is necessary that the mass and fluid 
balance of the station be quantified. 


Table 1 

Nominal Crew Member Metabolic Balance (Ibm/year) 



Input 


Output 


Food 


Ibm/person/day 


Waste Solid 

Ibm/person/day 


Oxygen 

0.44 


Urine 

0.13 


Hydrogen 

0.08 


Feces 

0.07 


Carbon 

0.6 


Sweat 

0.04 


Other 

0.24 









Drink 




Waste Liquid 



Water 

3.56 


Urine 

3.31 


Food Prep 

1.67 


Sweat/Respiration 

5.02 


Food H20 

2.54 


Feces 

0.2 






Gas 




Waste Gas 



Oxvaen 

1.84 


Carbon Dioxide 

2.2 





■Hi 

Total 


10.97| 

| Total 

10.971 


In Table 1, the nominal uptake and waste output per crew member are shown. 
The information from this table is based on a metabolic rate of 11,200 
Btu/person/day (2825 Calories/person/day) and a respiratory quotient of 0.87. 
From Table 1, it can be seen that 1.84 Ibm of oxygen is consumed and 2.20 Ibm 
of carbon dioxide is produced per person per day. This represents a loss of 2650 
Ibm of oxygen and 3168 Ibm production of carbon dioxide per year for a four 
person crew. 
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Table 2 summarizes all oxygen losses to the PMC station over a 90 day 
period, including metabolic losses. 


Table 2 

Nominal Oxygen Allocation (lbm/90 days) 


Usage Event 

Cabin Atmosphere Make-up 

lbm/90 days 

Element Leakage 

104 

Metabolic Load 

662 

C02 Removal Loss 

10 

Experiment Ingestion 

33 

Element Repressurizations 

52 

^ 




94 


6 


6 


Miscellaneous 


WRM Support 

9 

^ 

1 Total 

976| 


The availability of hydrogen on station for use by the Sabatier and 
resistojet greatly effects the performance of these devices. Lowering the 
availability of hydrogen reduces the amount of carbon dioxide that can be 
reduced by the Sabatier and the ability to provide impulse in the resistojet for 
supplemental reboost. Since the primary source of hydrogen on station will be 
from the electrolysis of excess water, it is necessary to determine a water 
balance for the station. This is shown in Figure 7 
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PMC Space Station Water Balance Diagram 



Figure 7 


Without the use of Orbiter fuel cell water, approximately 1200 
Ibm/person/year of excess water exists delivered to station in the form of food. 
Adding fuel cell water to this increases the amount up 10,800 Ibm/year for a four 
man crew. From this information a similar mass and fluid balance for each option 
can be developed. Figure 8 illustrates the required cryogenic oxygen resupply 
based on the technology options for a four person crew. 
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Oxygen Resupply Requirement 


Options 
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Figure 8 


The left hand side of the graph illustrates that in Options 1 and 4 no 
Sabatier or Electrolyzer exists, therefore, no reduction in cryogenic resupply will 
be seen in these. In Options 2 and 5 a SFE is present. In these instances, the 
electrolyzer could process anywhere from none to all of the excess water. In 
Options 3 and 6, both a SFE and a Sabatier are present. In these cases, the 
configuration may electrolyze any portion of the excess water and reduce any 
portion of the carbon dioxide present. However, a minimum requirement for 
electrolysis must be met to supply the Sabatier with hydrogen. The figure shows 
that in cases 2,3,5, and 6 it is possible to eliminate the oxygen resupply 
requirement. 
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Figures 9 and 10 graphically show the impact to the oxygen requirement 
based on the availability of Shuttle fuel cell water and the level of food 
dehydration. 


Levels of CO2 and H2O processed 
to 

Provide for all SSF O2 Requirements 
Based on Amount of Excess Water on SSF 



Percent C02 Reduced 


Figure 9 

A lower percentage of the total water must be electrolyzed to eliminate oxygen 
resupply as more water is provided to station by the Orbiter. Likewise, as the 
amount necessary to rehydrate the crew's food increases, a larger percentage of 
the total excess is required to eliminate the cryogenic oxygen requirement. In 
some instances, with certain levels of dehydration the amount of water available 
after rehydration may be insufficient to provide for total oxygen replacement. 
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Levels of CO2 and H2O processed 
to 

Provide for all SSF O2 Requirements 
Based on The Amount of Food Dehydration 



0% 50% 100% 

Percent Carbon Dioxide 
Reduced 


Figure 10 

To understand the net effect of excess water on station to the technology options 
being considered Figures 11 and 12 show the break down of the sources of 
oxygen makeup for Options 2,3,5, and 6. Since Options 1 and 4 employ no 
reduction technology, all oxygen must be resupplied in those options. 


15 




Source of Oxygen Resupply 
As a Function of 
Excess SSF Water Available 
-Options 2 and 5- 



Figure 1 1 
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Source of Oxygen Resupply 
As a Function of 
Excess SSF Water Available 
-Options 3 and 6- 
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Figure 12 

Both figures show the total annual oxygen requirement for the PMC configuration 
of approximately 3900 Ibm/year. In Options 2 and 5, since electrolysis of water is 
the primary source of oxygen make-up, nearly 4400 Ibm of excess water is 
required to eliminate the need for resupply. In Options 3 and 6, the Sabatier 
provides 2500 Ibm of oxygen in the form of water leaving the SFE to provide 
another 1 400 Ibm of oxygen through the electrolysis of excess water. However, 
another 1000 Ibm of water must be electrolyzed to provide the necessary 
hydrogen to drive the Sabatier process. 
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Propulsion Reduction Analysis 


In order to determine which of the six technology options being studied will 
be the most beneficial with regards to resupply, not only must cryogenic oxygen 
resupply and water usage be considered, but also propellant use. The primary 
propulsion system (PPS) for station will be a hydrazine based reaction control 
thruster system. This system will provide for reboost and rendezvous maneuvers, 
CMG desaturation, and attitude control torque support. The total impulse 
required for station is primarily a function of the spacecraft mass and ballistic 
coefficient, the atmospheric drag effects, and the desired operational altitude 
range. At PMC, the station will have a mass of approximately 590,000 Ibm. with a 
ballistic coefficient of 11.45. Figures 13 and 14 show the effect of spacecraft 
mass and ballistic coefficient on annual propellant requirements based on a 
nominal atmosphere. 


Variation in 

Annual Propellant Requirement vs. Spacecraft Mass 



10/23/99 10/22/01 10/22AJ3 10/21/05 10-21/07 10/20/09 

Date 


Spacecraft Mass 

500000 bms 

600000 bms 

650000 bms 

700000 bms 

800000 bms 

Ballistic Coefficient =12 


Figure 13 
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Variation in 

Annual Propellant Requirement vs. Spacecraft Ballistic Number 
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Figure 14 


Atmospheric drag effects are related to the level of solar flux shown in Figure 15. 
As solar flux increases, the Earth's atmosphere expands. This expansion causes 
an increase in drag to orbital bodies. Therefore, during periods of high solar flux, 
more propellant is required for station altitude maintenance. The minimum 
altitude for station is set by the rendezvous altitude with the Space Shuttle and by 
atmospheric drag/vehicle safety concerns to be 180 days to 150 nautical miles 
above the Earth. The upper limit is set by the duration between maximum 
propellant resupply interval of 180 days and crew radiation exposure limitations. 
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Solar Flux x 10 


Solar Cycle Trend 



Figure 15 

The STation Reboost Analysis Program (STRAP) tool was used to 
calculate the required propellant for station. STRAP provides SSF altitude 
profiles based on various altitude strategies. It determines the lower and upper 
altitudes and estimates the required propellant for each reboost. The inputs to 
the STRAP program used to simulate the Primary Propulstion System includes 
the following parameters: spacecraft orbit time interval, spacecraft mass and 
ballistic number, atmospheric parameters, and propellant ISP. When the 
Supplementary Reboost System was incorporated into the model, the amount of 
waste gas available and ISP of waste gas were also included. The effect of 
augmenting the PPS with the SRS can be demonstrated by comparing the 
change in the altitude strategy which is shown in Figure 16. 
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Orbital Decay with and without Resistojet Augmentation 



Figure 16 


The figure shows that both the upper and lower operating altitude will be reduced 
through the augmentation of the PPS. This is due to the fact that the resistojet 
reduces the station's orbital decay rate. Therefore, it will take much longer to 
decay to 180 days to 150 nautical miles. This allows the station to operate at a 
much lower altitude. 
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For this part of the study, a flight rate of five reboosts per year was assumed. 
While higher or lower annual flight rates may occur, they will have a minimal 
effect on the average annual propellant required as can be seen in Figure 17. 

Effect of Number of Annual Reboosts 
on 

Propellant Requirements 



Reboosts 
per Year 



Year 


Figure 17 





PMC PPS-only Altitude Strategy 



. Figure 18 

An initial baseline, corresponding to the no-propellant reduction configurations of 
options 1,2, and 3 was modeled by assuming an orbital lifetime strategy of 180 
days to 150 nmi. Figure 18 and 19 show the altitude range and propellant 
required for the PMC station operating with the PPS-only configurations over an 
eleven year solar cycle. To reduce this requirement, the PPS can be augmented 
with resistojets using the waste gases produced by the crew and the ECLSS 
processors. 
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PMC PPS-Only Propellant Requirement 



10/23/99 10/22/01 10/22/03 10/21/05 10/21/07 10/20/09 

Date 


Figure 19 

Rather than model every possible combination of Sabatier and 
Electrolyzer output to the Resistojet over an eleven year solar cycle, several 
simplifications were used. From Figure 19 it can be seen that the variation in 
propellant requirements due to solar cycle varies nearly linearly between the 
2001-2008 timeframe. Since PMC will not occur until mid to late 2000, annual 
propellant requirements can be estimated based on the average usage during 
the maximum and minimum years (2001, 2008) of the solar cycle. A second 
simplification used was to develop an estimation of the annual hydrazine savings 
based on the amount of thrust provided by the SRS. The basic equation for 
thrust is shown in equation (1) 

T= rh ISP (1) 

The thrust provided by the SRS on an annual basis can be written 
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(2) 


Tsrs = 


<0 


rh ISP — ITIWaste Gas ISPwaste Gas 


where t is time, mwaste Gas is the amount of waste gas available per year, and 
ISPwaste Gas is the effective ISP of the waste gas. The amount of hydrazine 
saved is that portion that would be required to provide the same amount of thrust 
the SRS is providing or 

m ~i~SRS Mwaste Gas * ISPwaste Gas 

MHydra™. - ISPh^i,,, ISP Hyte™ < 3 > 


In order to validate these simplifications, several sample cases were run. Table 3 
summarizes the results of these cases. 


Table 3 

Comparison of Estimated and Calculated Propellant Savings 




Spacecraft 


Waste Gas 

H 

| Hydrazine-Only 


r Augmented 

r 

Estimated 

n 

STRAP 

Case 


1 Mass 

Ballistic 

m 

Amount 

Effective 

■ 

limB 

■BM 

8 

BBj 


Savings 

H 

Analysis 

(toms)'” 




Number 

8 


is p 

■ 

8 

(Ibms) 

Jj 

1 


650,000 

10 

HI 

3600 

100 

M 

12322 

■ 

10785 


1565 

HI 

1537 

2 

■ 

650,000 

12 

HI 

3600 

166 

II 

12055 

i 

10486 


1565 j 

2 

1569 


■ 


14 

at 

3600 

1 66 

9 

11837 


10289 


1565 


1548 J 

mm 


500,000 

12 

H 

3600 

100 

1 

9373 


7822 


1565 

! 

1 1551 

5 


800,000 

12 

HI 

3600 

100 

H 

14997 , I 


13425 

m 

1565 j 

HI 

1572 

6 

■ 

5^315 

ii.45 


1440 ; 

125 

m 

11914 

_ _ 

irn'r 

H 

783 

Jj[ 

769 

mm 

HI 


I 1 T 457 

H 

2880 j 

125 

m 

11914 

HI 

10353 

H 

1565 


1561 

8 



1 1” 45 

■ 

7200 

125 

9 

11914 

HI 

8015 


3913 


3899*" 

9 


787,648 

14.39 

9 

t 1440 


Wj 

14440^;;;;;; 

HI 

13650 


783" 

2 

790 

10 



14.39 

m 

2880 ; 


1 

14440 


12887 


1565 

1553 

11 



14.39 

j 

7200 

125 ] 

H 

14440 


10517 


3913 

■ 



Cases 1 ,2, and 3 were used to determine what effect the variation of the 
spacecraft ballistic number had on the difference between estimated and 
calculated propellant savings. Likewise cases 2,4, and 5 were used to determine 
the impact of spacecraft mass. Cases 6-1 1 tested the consequence of variation 
in the total thrust provided by the resistojet. The difference between the 
estimated savings and the STRAP analysis in all comparisons was never greater 
than 2%. This error occurs principally due to the fact that the effect of solar flux 
is not completely linear over the time period considered. 
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Total Integrated Fluid Logistics 


Utilizing the estimation method for propellant savings, the integrated fluid logistics 
for each of the technology options can now be totaled. Based on the PMC 
configuration, the total fluid logistics for propellant, cryogenic oxygen, and food 
assuming no food dehydration or use of STS fuel cell water for each of the 
technology options are shown in the following figures. 


Option 1 

Total Integrated Fluid Logisitics 

- Food / Propellent / Cryogenic Oxygen and Nitrogen - 


25000 T 


20000 + 



Resources 

Required 


□ Food 
83 Prop 

III Cryogenic 02 

§3 Cryogenic N2 
V Excess Water 



Excess 

Resources 


Figure 20 
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Option 2 

Total Integrated Fluid Logisitics 

- Food / Propellent / Cryogenic Oxygen and Nitrogen - 
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Option 3 

Total Integrated Fluid Logisitics 

- Cryogenic Oxygen - 


100% -r 


Excess Oxygen 



Oxygen Required (Ibm/yr) 
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Figure 22 - A 
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Option 3 

Total Integrated Fluid Logisitics 

- Food / Propellant / Cryogenic Nitrogen - 


25000 
20000 - ■ 

^ 15000 -- 
* 10000 -- 
5000 - ■ 
0 -- 



Resources 

Required 


Figure 22 - B 
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Option 3 

Total Integrated Fluid Logisitics 

- Excess Water - 



Figure 22 - C 
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Option 3 

Total Integrated Fluid Logisitics 

- Excess Oxygen - 
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Figure 22 - D 




Option 3 

Total integrated Fluid Logisitics 

- Excess Hydrogen - 
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Figure 22 - E 


32 



Option 4 

Total integrated Fluid Logisitics 

Food / Propellant / Cryogenic Oxygen / Cryogenic Nitrogen - 
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Option 5 

Total Integrated Fluid Logisitlcs 

- Food / Propellant / Cryogenic Oxygen / Cryogenic Nitrogen - 
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Figure 24 





Option 6 

Total Integrated Fluid Logisitics 

- Cryogenic Oxygen - 



Figure 25 - A 
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Option 6 

Total Integrated Fluid Logisitics 
- Propellant - 



Figure 25 - B 
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Option 6 

Total Integrated Fluid Loglsitics 

- Food / Cryogenic Nitrogen - 
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Figure 25 - C 
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Percent of Excess Water Electrolyzed 

Figure 25- D 
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t Excess Water Electrolyzed 


Option 6 

Total integrated Fluid Logisitics 

- Excess Oxygen - 




Figure 25 - E 
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Figure 20 for option 1 illustrates the total fluid logistics requirements for the 
baseline SSF without any logistics reduction enhancements. The total annual 
requirement for fluids including propellant, cryogenic oxygen and nitrogen, and 
food is 24,886 Ibms. Figure 21 shows that with the addition of an electrolyzer 
alone, cryogenic oxygen requirements can be eliminated by processing 91% of 
the available excess water, a savings of 3900 Ibm per year. Electrolyzing the 
remaining 9% in this option only changes the composition of the waste gases to 
be vented overboard. Collectively Figures 22 -A - E show the impact of adding 
both an electrolyzer and a Sabatier. Again all cryogenic oxygen requirements 
can be eliminated. However, since no resistojet has been added, propellant 
requirements, as well as food and cryogenic nitrogen requirements remain 
unchanged. Figure 23 illustrates the impact to fluid logistics for Option 4. In this 
option, carbon dioxide is fed through the resistojet. While cryogenic oxygen 
requirements remain unchanged, an annual propellant savings of 1400 Ibms is 
achieved. Option 5 results are shown in Figure 24. Like Option 2, a electrolyzer 
without a Sabatier is added to station. However, unlike Option 2, Option 5 takes 
advantage of the waste gases provided by the ECLSS. Therefore cryogenic 
oxygen requirements can be eliminated and propellant requirements reduced. 
Maximum benefit, achieved at full electrolysis of excess water, can reduce 
annual logistics by nearly 6,300 Ibm per year. The final option impacts, those for 
Option 6, are shown in the series of Figures 25 - A-E. While similar to Option 5 in 
that both cryogenic oxygen requirements can be eliminated and propellant 
reduced, the amount of waste gas, which is primarily methane and the level of 
ISP produced by this configuration is less than the benefit achieved from Option 
5 using carbon dioxide. In addition Option 5 is a similar system than Option 6. 

In the following tables, the total fluid logistics with and without a resistojet are 
shown based on the level of food dehydration, available Orbiter fuel cell water, 
carbon dioxide reduction, and water electrolysis. 
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From the calculated data, the maximum reduction in fluid logistics can be 
achieved with the addition of an electrolyzer operating at full efficiency, a 
resistojet utilizing the available waste gas, transfer of all available STS fuel cell 
water to station, and full dehydration of the crew's food. This would amount to an 
annual savings of 10415 Ibms/year over the baseline configuation. The only 
remaining consideration for choosing a logistics reduction option is that of power 
requirements. Figure 26 illustrates the power cost and logistics savings for each 
of the options considered. 

Total Integrated Fluid Logistics as a Function of Available Power 



Figure 26 


The options are categorized using "E" for electrolysis available, "D" for food 
dehydration, "S" for STS fuel cell water available, and "C“ for carbon dioxide 
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reduction available. Values for savings were generated at 500 watt power 
increments over the entire range of operational efficiencies available for each 
configuration. From the figure it can be seen that in all cases the most savings 
can be achieved using the SFE, STS fuel cell water, food dehydration, and the 
Sabatier. However for power usage above 2.5 kW, no additional savings are 
achieved using the Sabatier. Even below 2.5 kW, the added savings of using a 
Sabatier are only marginal. Without STS fuel cell water available, the use of both 
a Sabatier and the SFE provides the greatest savings. Without the Sabatier, this 
savings drops by 100 - 700 Ibm/yr over the entire power range. The remaining 
options provide nearly identical savings below 3 kW. Above 3 kW the use of the 
SFE with STS fuel cell water does provide a slight benefit. 

Since Options 4-6, those with a resistojet, provide much greater savings than 
Options 1-3 without a resistojet, Options 1-3 are eliminated from further 
consideration. Option 4 is eliminated on the basis of this configuation's inability to 
eliminate oxygen requirements in addition to reducing propellant resupply. While 
Option 6 can provide equal or greater savings over Option 5 over the entire 
power range, this savings would be at most marginal. The added savings would 
be outweighed by the development, scaring, and integration of the Sabatier on 
station. Therefore, Option 5, which provides for the elimination of oxygen 
resupply through the electrolysis of excess water and a reduction in propellant 
resupply through the use of a resistojet and hydrogen and carbon dioxide waste 
gases is recommened. 
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Evolution Impacts 


The last major consideration is that of the impact of Space Station evolution. The 
data in Table 4 illustrates the planned assembly flights, milestones and elements 
for station growth between PMC and the Eight Crew Capability (ECC) phase. It 
also shows the corresponding increase in spacecraft mass and the change in 
ballistic number. 


Table 6 
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In order to quantify the requirements during this evolution, the rate of build-up 
must be known. Table 7 lists three possible manifest scenarios. 
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Figures 27-30 illustrate the increase in annual resupply requirements during the 
evolution build-up sequence for food, oxygen, nitrogen, and propellant. Figure 31 
shows the amount of excess water available during the same period. 


Annual Food Requirement 
(Ibm/yr) 



— “Slow Growth 

— — * Medium Growth 

Fast Growth 


Figure 27 
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Annual Oxygen Requirement 
(Ibm/yr) 
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““ " *" "Medium Growth 
Fast Growth 


Figure 28 
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Annual Nitrogen Requirement 
(Ibm/yr) 



Figure 29 
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Figure 30 
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Annual Excess Water 
(Ibm/yr) 
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Figure 31 
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Figures 32-35 illustrate the average annual requirements for fluid logistics and 
the available excess water based on the build-up rate from PMC to ECC. 

Average Annual Food Requirement Based on Build-up Rate 



Figure 32 

Average Annual Oxygen Requirement Based On Build-Up Rate 



Figure 33 
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Figure 34 

Average Annual Propellant Requirements Based On Build-Up Rate 



Figure 35 
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Average Annual Excess Water Available Based On Build-up Rate 



Figure 36 


In all cases a nearly linear relationship exists for each of the resupply fluids. This 
simplifies the determination of the impact of variable build-up rates on total fluid 
logistics. Figure 37 shows the effect of utilizing the Option 5 configuration during 
the evolution of the Space Station Freedom. Net savings can be as high as 50% 
or 15,000 Ibm per year of fluid logisitics if all excess water is electrolyzed 
including available STS fuel cell water and the crew's food is dehydrated. Figure 
38 show the savings as a function of the build-up rate. 
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Comparison of Total Annual Fluid Resupply Requirements 
Based On Baseline (Option 1) and Option 5 





Comparison of Average Annual Fluid Resupply Requirements Based On 
Assembly Flight Rate for Baseline (Option 1) and Option 5 
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Figure 38 


62 





Conclusions 


From the analysis of the various options utilizing a resistojet, the Static Feed 
Electrolyzer, and the Sabatier the greatest savings in total integrated fluid 
logistics can be achieved when only the Static Feed Electrolyzer and the 
resistojet are used. While in some instances of low power availability the addition 
of a Sabatier could provide an added benefit, this increased savings is marginal. 
Therefore the cost of development, scaring, and integration of the Sabatier would 
be prohibitive based on the possible benefit. This paper also described the 
impact of evolution build-up rate on the expected savings of using the SFE and 
resistojet during the PMC to ECC time period. 
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